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Abstract. Resonant photoelectron spectroscopy data from in situ cleaved CoO single crystals
are presented. Valence band data collected at photon energies corresponding to Co 2p3=2 are
discussed in comparison with a cluster model calculation and quantitative estimates of the model
parameters are given. No valence band resonance is observed at the O 1s absorption threshold
but the similarity between the observed Auger lines and those previously observed for NiO
confirm the similarity between the O valence band states in the two materials.
1. Introduction
The study of strongly correlated electronic systems in solid-state physics goes back to the
beginning of the century when it was realized that some materials like the transition metal
oxides CoO and NiO are insulating when a valence count indicates that they should have
half-filled bands and therefore be conducting. Still today there is no general consensus
on how to best describe the electronic structure of these materials. The general theory for
electronic structure in use today is the density functional theory (DFT) [1–3]. In practice this
theory is often applied by using the local density approximation (LDA) or its spin-resolved
equivalent the LSDA. The LDA or LSDA fail, however, even to predict the correct ground
state for CoO. According to LSDA band-structure calculations, CoO should be a metal
when it is in fact an antiferromagnetic insulator. This failure is most probably caused by
inadequate description of the correlation effects stemming from the Coulomb interactions.
Mott was one of the first to describe these effects [4] which were later extended by Hubbard
[5] who introduced the so-called Hubbard model. This model has been extensively studied
in recent years in connection with high-temperature superconductivity [6].
In the interpretation of spectroscopic data on transition metal oxides the single-impurity
model is often used. In this model, the transition metal atom is considered as a localized
impurity in the ligand matrix. Within the impurity model, satellite features like the ones
observed for transition metal oxides can often be given a straightforward explanation. LDA
band-structure calculations fail in most cases to explain these satellites.
In determining the parameters of model Hamiltonians, photoelectron spectroscopy is
often very useful, especially so resonant photoelectron spectroscopy (RPES). By comparing
cluster model calculations with RPES data, numerical estimates of such parameters as the
charge-transfer energy and the intra-atomic Coulomb repulsion can be made.
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In this report such a comparison is made between valence band data for CoO and a
cluster model calculation which includes the effects of the two-electron integrals (multiplets),
the crystal field and charge transfer.
2. Experimental procedure
The data were collected at beam line 22 [7] at Max-lab, the Swedish national synchrotron
radiation facility. This beam-line is equipped with a modified SX-700 planar grating
monochromator and a 200 mm mean radius hemispherical analyser with a multichannel
detector. The set-up enabled energy resolutions of 0.6 eV and 0.4 eV to be achieved at
the Co 2p and O 1s absorption edges respectively. The sample was cleaved in situ at a
base pressure of 2  10−10 Torr. After cleavage, the surface quality was checked by
low-energy electron diffraction (LEED) showing sharp 1  1 spots and then transferred
into the measurement chamber. The base pressure in the measurement chamber was in the
10−11 torr range. Due to the insulating nature of CoO, charging effects occurred. In order
to improve the conductivity the sample was heated by a resistive coil mounted behind the
sample holder and the temperature verified with the aid of a thermocouple mounted on the
side of the sample holder. The sample was heated to 90 C. At this point, reduction of the
photon flux had no further effect on the charging, indicating that the sample had sufficient
conductivity. The sample was then kept at this temperature throughout the measurements
and low-photon-energy (PE) spectra of the valence band were recorded at regular intervals
to verify that no surface degradation was taking place. Calibration of the spectra was
performed by measuring the gold 4f spectrum of a gold foil mounted on the sample holder.
3. The theoretical model
The calculation of the Co 3d resonant photoemission spectra was performed within a cluster
model including multiplets of the localized state, the crystal field and the charge transfer. The
system under consideration is a CoO10−6 octahedron and the Hamiltonian used to describe
this cluster can be written as: H D Hligand CHM CHmix where
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The Hamiltonian is written in the language of second quantization where the a-, p- and
d-operators create holes in the O 2p, Co 2p and 3d orbitals respectively, and their Hermitian
conjugates ay, py and dy create electrons.  runs over all symmetry-allowed spin orbitals.
In the case of Co d levels in octahedral symmetry the irreducible representations are Eg
and T2g with the bases eg and t2g. The relevant Slater integrals are contained in gpd and
gdd , and the spin–orbit parameters are denoted by  . Hmix describes the interaction between
the O 2p and Co 3d states with hybridization strength V ./. The difference between the
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hybridization strengths of the eg and t2g states is taken into account by the use of the
empirical relationship V .eg/ D 2V .t2g/ [8]. The Hligand-part of the Hamiltonian signifies
the energy of the O states and the HM -part signifies the energy of the Co 2p and 3d states.
Included in the HM -term is also the crystal field of strength D.
The correlation energy Udd D E.d8/ C E.d6/ − 2E.d7/ between the 3d electrons as
well as the core-hole 3d interaction Q can be defined in terms of the Slater integrals [9]
but were here taken as adjustable parameters. Q was however set equal to Udd in view
of the experimental results as discussed below. The charge-transfer energy 1 is defined as
1 D E.d8L/ − E.d7/ (L denotes a hole in a ligand orbital). Both the definitions of Udd
and 1 are taken in the limit of V ./! 0 and E.dnLm/ signifies the average energy of the
corresponding multiplets.
Due to the size of the Hamiltonian matrix, only d7 and d8L configurations were included
in the calculation. This does not influence the result to any great extent since it has
been shown that the d9L2 configuration accounts for less than 1% of the ground state
[10]. The wavefunctions for the initial, intermediate and final states can thus be written as
jii; jmiand jf i with
jii D 0j3d7i C 1j3d8Li
jmi D 0j2p53d8i C 1j2p53d9Li
jf i D .γ0j3d6i C γ1j3d7Li/⊗ j"i
where j"i signifies the photoelectron of energy ". Using these wavefunctions, the
photoemission spectrum as a function of the binding energy (BE) can be written as
IRPES.EB/ D
 X
f;1;2
hf jR1;2 CD2 jii
2.Ef − Ei − EB/
where D2 is the direct photoemission operator giving a final state with a hole in state 2, and
R1;2 is the resonant operator leading to the same final state as D but with an intermediate
state characterized by a 2p core hole and an extra 3d electron (dy1 ). The strength of the
resonant operator R is approximately twenty times that of D for CoO at the 2p threshold.
The indices run over all symmetry-allowed states.
In the calculation of the multiplet spectrum, the Slater integrals were reduced to 80%
of their Hartree–Fock values as determined by atomic spectroscopy.
4. Results and discussion
In figures 1(a)–1(c), valence band spectra of CoO are displayed. The PEs used for recording
the spectra are indicated on the right. The inset in figure 1(a) is the Co 2p3=2 x-ray absorption
spectrum (XAS). There are three distinct features in the XAS which can be well described
by multiplets in the 2p53d8 final state [11]. Points in the XAS marked with full triangles
correspond to spectra displayed in figures 1(a)–1(c). The first panel, figure 1(a), shows the
spectra up to the first XAS peak. It is seen that a strong enhancement of the valence band
intensity occurs at and above the absorption threshold. This is similar to what has been
observed for NiO [12] and CuO [13]. The fact that the features which are enhanced remain
at constant binding energy over the 2.3 eV PE region indicates that this is a resonance with
a one-hole final-state and not a two-hole final-state Auger process.
As mentioned previously, the direct photoemission channel at the Co 2p absorption edge
has such a low amplitude that the majority of the photoemission intensity comes from the
channel involving a core hole. This makes any Fano interference effects [14] too small to
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Figure 1. The CoO valence band at photon energies corresponding to the Co 2p3=2 absorption
edge. The inset in (a) is the Co 2p3=2 x-ray absorption spectrum.
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be visible. Four peaks located at 1.3, 3.7, 6.5 and 10.5 eV binding energy (BE) are clearly
resonating. Figure 1(b), which corresponds to the main absorption peak, displays a similar
behaviour. The same features are seen as in figure 1(a) and at the same positions. The
6.5 eV peak is, however, less distinct. Figure 1(c) still displays the same features as figures
1(a) and 1(b) but with an increase in the intensity of the 3.7 eV peak. Starting at a PE of
approximately 781 eV, the 3.7 eV peak starts to move towards higher BE energy, indicating
a transition to a two-hole Auger de-excitation. It should also be noted that the valence band
intensity at the absorption edge does not follow the XAS intensity exactly, indicating that
processes other than the RPES process are present [10].
Figure 2. An energy level diagram showing the ground, XAS and final states as well as the
parameters involved.
The XAS shows no satellite feature connected to a final state of mainly 2p53d9L
character. From the series of valence band spectra it is also clear that the resonating features
stay the same throughout the PE range indicating that there is no resonance connected to a
charge-transfer intermediate state (an XAS final state). In figure 2, an energy level diagram
for the ground, XAS and final states is shown. The difference in energy between the 2p53d8
and 2p53d9L states is
1C Udd CQC L − .2QC L/ D 1C Udd −Q
as seen from the figure. If the ordering and spacing of the energy levels are the same
in the ground and intermediate states, no satellite will be seen in the XAS and thus no
satellite-related resonance will be seen in the valence band. Because no satellite structure is
visible, the core-hole–d-electron interaction Q is set equal to the d–d interaction Udd [15]
even if a small difference is possible since 1 is quite large in the present case.
Table 1. Parameters used to calculate the spectrum displayed in figure 3 and the resulting weight
of the 3d configurations.
Weight
1 Udd V .Eg/ 10Dq d7 d8L
5.5 6.0 2.5 0.2 0.85 0.15
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Figure 3. Comparison between calculated and measured spectra for photon energies of 777.3
and 778.9 eV
In figure 3, the result of the model calculation is displayed together with the corres-
ponding experimental spectra. The PEs in figures 3(a) and 3(b) are that of the first and
second peak in the Co 2p3=2 XAS, 777.3 eV and 778.9 eV respectively. It is seen that
the experimental features are well reproduced by the calculation. The three main features
show approximately the right energy spacing and relative intensity ratio, and the increase in
intensity of the 10 eV BE feature between figure 3(a) and figure 3(b) is partly reproduced
by the calculation. The low-BE part of the spectrum in figure 3(b) is nicely reproduced,
but it seems that too much of the spectral intensity at the valence band edge in the
calculated spectrum in figure 3(a) has been transferred to the 4 eV BE peak. The satellite
at approximately 15 eV BE in the calculated spectra seem exaggerated as compared to the
experimental spectrum. This may be partly due to background and broadening effects other
than those simulated by the E2 Lorentzian broadening applied to the calculated spectrum
[16]. In order to take into account the effects of instrumental resolution, the calculated
spectrum was also convoluted with a 0.5 eV full width at half-maximum (FWHM) Gaussian.
The parameters adopted in the calculation are presented in table 1. It is seen that 1 is almost
of the same magnitude as Udd . This is not surprising in view of the following. Since
the resonating states are of mainly d6 final-state character, their position is approximately
determined by 1 − Udd for 1 > Udd as seen from figure 2. A 1  Udd would place
the main intensity at the valence band edge, whereas 1  Udd would place it far from
the valence band edge. The calculated spectra are as a matter of fact more sensitive to the
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Figure 4. A mesh plot of the CoO valence band as a function of the photon energy. The inset
shows the O 1s absorption spectrum.
difference 1−Udd than to the absolute values. As seen in the experimental spectra, CoO is
in the intermediate regime with 1  Udd . The 1 found here is the same as that found by
van Elp [17] but one eV lower than that found by Tanaka and Jo [10]. A comparison with
reference [10] shows that Tanaka and Jo’s calculated spectra reproduce the experimental
data presented here to a lesser extent. Kotani and Okada [18] found 1 D 2:5 eV and
Udd D 7:0 eV, but these values were deduced from Co 2p photoemission which is sensitive
to 2p–3d interaction and not very sensitive to the value of 1 [10]. The value of Udd found
here is in between those of van Elp [17] (5.4 eV) and Tanaka and Jo [10] (6.5 eV). The fact
that 1 is close to but slightly lower than Udd puts CoO close to the phase boundary but still
in the charge-transfer region of the Zaanen–Sawatzky–Allen phase diagram [19]. It is also
worth mentioning that the low 10Dq-value of 0.2 eV is due to the fact that here the ligand
field does not have to account for the charge transfer, since this is explicitly included.
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Figure 4 displays spectra of the valence band recorded at PEs corresponding to the O 1s
absorption edge. In figure 4 it is seen that the low-BE part of the valence band exhibits
no enhancement in connection to the edge. A detailed analysis of the high-BE part of the
valence band also shows that the apparent enhancement at 532 eV PE is only due to the
low-BE tail of the strong feature seen at 20 eV BE. In addition to the above-mentioned
strong peak at 20 eV BE, there is also a strong peak at 40 eV BE. Below the threshold,
the O 2s level can be seen at approximately 22 eV BE. It is clearly seen that the two
features originating at 20 and 40 eV BE follow a constant-kinetic-energy line as the PE
increases. The intensities of the two peaks follow closely that of the XAS inset as expected
of an Auger emission. The high- and low-BE features can be ascribed to O KL1L2;3 and
KL2;3L2;3 Auger transitions respectively.
The BE position of the O KL2;3L2;3 transition is 17 eV at the absorption onset and
the band gap of CoO is 3 eV. Using these values one finds that the main density of O
states is located at 7 eV BE in agreement with earlier results [20]. This indicates that no
large correlation energy is present and that the two holes resulting from the O KL2;3L2;3
Auger transition can be regarded as approximately independent. This is further supported
by angle-resolved photoemission data on CoO. If the two holes resulting from an XVV
Auger transition are approximately independent, then the resulting Auger spectrum can be
thought of as a self-convolution of a spectrum of the valence band states involved [21]. It
is therefore interesting to note that the O KL2;3L2;3 spectrum seen here closely resembles
the corresponding spectrum for NiO [12]. This indicates that the O states in the valence
band of NiO and CoO are very similar, confirming the similarity seen in the band-structure
calculations done on these materials [20, 22].
5. Summary
It has been shown that the CoO valence band displays a very strong photoemission resonance
when the photon energy is tuned to the Co 2p3=2 absorption threshold. The resonating states
are of mainly d6 final-state character, and no resonance connected to states of mainly d7L
is observed. The resonance can be well described by a cluster model calculation including
multiplets and the crystal field, and the comparison between the two gives numerical
estimates for the parameters of the model. In the case of CoO the charge-transfer energy 1
is found to be of almost the same magnitude as the intra-atomic Coloumb repulsion Udd .
No valence band enhancements are seen at the O 1s threshold, but strong O KL1L2;3
and KL2;3L2;3 Auger lines are observed. The strong resemblance between the O KL2;3L2;3
line in CoO and NiO confirms that the O states in the respective valence bands are similar
in nature.
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